We report on the occurrence of the simultaneous existence of Photonic and Phononic Band Gaps in Porous Silicon Multilayers (PSM) with modulation in the range of 40-167 nm. We present rigorous electrodynamic and elastodynamics calculations of the eigenvalues of the wave equations for electromagnetic and longitudinal (transverse) mechanical vibrations. PSM are identified as PhoXonic structures exhibiting ranges of forbidden frequencies for ultraviolet/visible light and hypersound.
Introduction
In this work we investigate the simultaneous existence of Photonic Band Gaps (PtBG) and Phononic Band Gaps (PnBG) in Porous Silicon Multilayers (PSM). PSM are periodic composites made up by two layers of porous silicon with different optical and elastic properties. Because of the periodicity, there can be frequency ranges in which electromagnetic and mechanical waves cannot propagate.
The phenomena of band gaps has their origins in the destructive interference of scattered waves in a lattice [1] . In the past, much attention has been focused on Photonic Crystals (PtC) [2, 3, 4] and Phononic Crystals (PnC) [5] which exhibit band gaps for electromagnetic and elastic waves, respectively. In the case of PtC there exists a modulation in the refractive index. For the case of PnC, the periodic media is made of two materials of different density and longitudinal (transverse) sound speed.
For many years, the research fields of PtC and PnC have been investigated independently. The simultaneous existence of Photonic and Phononic band gaps in the same structure was suggested by Maldovan and Thomas [6] . Later, Sadat-Saleh et al. introduced the concept of Phoxonic Crystals (PxC) to define a crystal which posses simultaneously Photonic and Phononic Band Gaps [7] . The existence of PxC opens up many possibilities for jointly controlling light and mechanical waves. For example, Psarobas et al. reported the enhancement of acousto-optics interactions in a phoxonic cavity as a result of strong nonlinear interactions [8] .
A few years ago, Parson and Andrews reported the measurement of phonon dispersion curves for the hypersonic regime in porous silicon superlattices with periods in the range of 37-167 nm [9] . Using Brillouin light scattering experiments, they demonstrated that due to the periodic modulation of the structural parameters hypersonic elastic vibrations of different energy have different propagation velocities. The existence of dispersion of hypersonic waves established that periodic porous silicon superlattices were good candidates to be phononic crystals. The present authors have theoretically investigated the structure parameters that allow the simultaneous existence of longitudinal and transverse band gaps in PSM [10, 11] .
In addition to the hypersonic transmission of elastic waves for PSM, the optical reflection have also been reported recently [12, 13] . These experimental results prove the simultaneous existence of stop bands for light and elastic waves in porous silicon. In this work, we present rigorous electrodynamics and elastodynamics calculations to determine the structural parameters that allow the simultaneous existence of photonic and phononic band gaps in PSM for the visible and hypersound ranges.
Theory
Let us consider a 1D-PxC with periodicity in the x−direction. Restricting ourselves to the analysis of waves propagating in the periodicity direction, the electromagnetic wave equation for the y−component of the electrical field is
where ω and c are the angular frequency and light speed in vacuum, respectively. e y (x) and ε(x) are the periodic electric field and dielectric function, respectively. On the other hand, the elastic wave equation for the longitudinal wave is [5] 
where u x (x) is the displacement vector in the x−direction, ρ(x) and c l (x) are the mass density and longitudinal propagation speed, respectively. For the transverse displacement vector the wave equations for the y− and z−direction have a similar expression in the form
where c t (x) is the transverse sound velocity. These three equations are independent. We consider the propagation in a infinite 1D-PxC with a unit cell of period d and periodic parameters ε(
The unit cell is composed by two distinct materials of dielectric function ε a and ε b , density ρ a and ρ b , longitudinal sound velocity ρ la and ρ la and transverse sound velocity ρ ta and ρ tb . The filling fraction is defined as f = d a /d, where d a is the space filled in the unit cell by the material with density ρ a . We solve the wave equations (1)- (3) using the plane wave method suggested in Ref. [5] . For the electromagnetic wave equation, the inverse of the dielectric function is expanded in the form
where the Fourier co-
(1 − δ n,0 ). The periodic electrical field is expanded in the form e y (x) = n e y (n)e 
where Ω = ωd/2πc and K = kd/2π are the reduced electromagnetic energy and wave vector, respectively. For the elastic wave equations, we consider the Fourier expansion of the ma-
The Fourier coefficients ρ(n), Λ l (n) and Λ t (n) have identical expressions to those of the Fourier coefficients α(n) for the electromagnetic case. The longitudinal and transverse amplitude displacement are expanded in the form 
and for the transverse waves we have where Ξ = ωd/2πc la and Q = qd/2π are the reduced elastic energy and wave vector, respectively.
Numerical Results
We consider two distinct materials a and b. The material parameters have been chosen according to Ref. [9] . The refractive indices are ε a = 5.76 and ε b = 4.41, the densities are ρ a = 1118.4 kg/m 3 and ρ b = 955.3 kg/m 3 , the longitudinal velocities are c la = 4.6 km/s and c lb = 4.3 km/s, and the transverse velocity are c ta = 2.8 km/s and c tb = 2.1 km/s. We define the filling fraction f as the amount of material a in the unit cell. In Fig 1 we present for the case of f = 0.2 the Photonic and Phononic Band Structure for the Photonic and Phononic cases in panels (a) and (b) for the case f = 0.2. In panel (a) we observe three band gaps for the electromagnetic waves in the dashed gray zone. In panel (b) we have one band gap for longitudinal waves in the red dashed zone. For the case of transverse waves we have three band gaps in the blue dashed zones. We observe that around the reduced frequency Ω = Ξ = 0.46 we have a region where the band gaps for the electromagnetic waves and both mechanical waves -longitudinal and transverse-coincide.
Considering a period of d = 40nm, we present in Fig. 2 the reflection of the light and mechanical waves in panels (a) and (b), respectively. The reflectionhave been calculated following the formalism suggested in Ref. [16] . In both cases, we consider for the incidence and transmission the medium b. The multilayer is composed by 12 periods of materials a and b plus a layer of material a. In compact notation we write the multilayer as (ab) 12 a. The abscissa axis is frequency units, γ = ω/2π. In panel (a) we have three band gaps centered at 1.75, 3.48 and 5.2 P Hz, respectively. These three stop bands are in the ultraviolet range. In panel (b) we present with a blue line the reflection for transverse waves. We observe three stop bands centered at 27, 55 and 83 GHz, respectively. The reflection of longitudinal waves is presented with a red line with a stop centered at 54.5 GHz. All these elastic stop bands are in the range of the hypersound.
In Fig. 3 , we present the variation of the band gaps as a function of the period d. In panel (a) the stop bands are the gray zones. We observe that as the period increases, the stop band energy decreases. In particular, when the lattice period is of 40 nm the lower stop band is centered at 1.75 P Hz which corresponds to the ultraviolet range. However, when lattice period is of 170 nm the lower stop band is centered at 0.5 P Hz which corresponds to the visible range. In panel (b) the elastic longitudinal and transverse stop bands are the red and blue dashed zones, respectively. In the same manner, when the lattice period increases the range of all the stop bands decreases. However, in this case all the stop bands remain in the hypersound regime.
Conclusions
In conclusion, in this work we have theoretically investigated the existence of the simultaneous existence of photonic and phononic band gaps in onedimensional porous silicon mulilayers. We have found that PSM structures with periods in the range of 40 − 170 nm present PtBG at the visible and ultraviolet ranges. The elastic PnBG for longitudinal and transverse waves are in the hypersound regime. PSM are Phoxonic Crystals which can be considered as framework structures that allow the confinement and tailoring of sound and light waves. PSM have potential applications to acousto-optical devices where the nonlinear interaction of photon-phonon is required.
